a An ab initio simulation of the UV/Visible spectra of substituted chalcones
Introduction
Chalcones are 1,3-diaryl-2-propen-1-ones obtained from both synthetic and natural sources (see Fig. 1 ). They have a wide variety of biological activities such as ulcer, cancer, HIV, and malaria prevention, acts as a fungicide and antioxidant, and is both anti-inflammatory and anti-mitotic [1] [2] [3] [4] [5] [6] [7] [8] .
Beyond these very important applications in biological chemistry, chalcones have interesting optical properties including high extinction coefficients for absorption in the UV, and significant nonlinear optical responses [9] [10] [11] [12] [13] [14] [15] , thus they can be regarded as promising candidates for new nonlinear optical (NLO) materials. Therefore, it is clear that understanding the nature of the main electronic transitions responsible for the absorption spectrum of chalcones is a problem of some practical interest, and a systematic theoretical investigation on absorption spectra of chalcone derivatives is helpful in the exploration of new nonlinear optical materials from chalcone.
Nowadays, quantum chemical calculations have been proven to be an important tool for investigation of the relationship between structures and spectral properties of the organic molecules and for the interpretation of experimental data arising from industrial interest and applications. We are aware of a few theoretical studies of the absorption spectra of chalcones, but they were limited to the semi-empirical PPP and ZINDO approachs [16] [17] [18] [19] [20] [21] , and did not account for solvation effects. On the other hand, using ab initio CIS/HF, Oumi et al. [22] studied chalcone and its hydroxyl derivatives, but the differences reported between gas-phase theoretical and solvated experimental λ max are quite large (0.7eV on average). In recent years, time-dependent density functional theory (TD-DFT) has emerged as a reliable standard tool for the theoretical treatment of electronic excitation spectra and recent works demonstrate the good accuracy for a wide range of systems [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Moreover, the computational cost of TD-DFT calculation is comparative to that of a Hartree-Fock based single excitation theory, such as, configuration interaction singles (CIS) or time-dependent Hartree-Fock (TDHF) method. In addition, bulk solvent effects can be accounted for when using TD-DFT.
In recently published methodological paper [35] , we have shown that PCM-TD-PBE1PBE /6-31G// PBE1PBE/6-31G(d) method are successful for reproducing the molecular geometry and absorption wavelength of chalcone. Besides [35] , to the best of our knowledge, only three papers have reported on the use of DFT for the study of chalcones. The electron affinities and antioxidant properties of different substituted chalcones have been successfully reproduced by Hicks et al. [36] and Kozlowski et al. [37] , respectively. On the other hand, Blanco et al. [38] studied the solvent and substituent effects on the conformational equilibria and the strength of the intramolecular hydrogen bond of 4-substituted-2-hydroxybenzaldehydes by means of B3LYP/6-31G(d). These works did not address the spectral properties that we investigated here.
In the present study, the UV/Vis absorption spectra of 29 chalcone derivatives with a substituent on one or two phenyl rings are investigated by TD-DFT and polarizable continuum TD-DFT (PCM-TD-DFT) with the Perdew-Burke-Ernzerhof's (PBE1PBE) hybrid functional. The relationship between the absorption spectra and structure and the effect of substituents on electronic spectra are discussed.
Computational Details
We have chosen the GAUSSIAN03 [39] program to perform geometry optimizations, vibrational frequency determinations and excited state evaluations. From our previous investigation [35] , it turned out that the oneparameter modified PBE1PBE hybrid functional [40] combined with Pople's split valence double-ζ singly polarized atomic basis set, 6-31G(d), provides adequate ground-state geometries which are in fairly good agreement with experimental data for chalcones. For instance, the deviations of the calculated bond lengths and angles of chalcone are less than 0.03 Å and 1°, respectively. Therefore, in this study the ground-state geometry of each molecule has been fully optimized at PBE1PBE/6-31G(d) level. In PBE1PBE, the percentage of exact, i.e., Hartree-Fock (HF), exchange amounts to 25%. For each geometry, vibrational frequencies were calculated analytically at the same level of theory as in the previous step, to ensure it to be a true local minimum.
After the ground-state geometry optimization, the excitation spectrum of each molecule has been computed with TD-DFT at the PBE1PBE/6-31G level. This selection of basis set and functional is justified by a previous investigation [35] that clearly indicated that (a) the addition of polarization functions does not bring any significant improvement to the calculation of excitation energies; (b) adding extra polarization functions to 6-311G(d,p) increases the λ max by only 1 nm, suggesting that the second set of polarization functions is unnecessary; (c) adding diffuse functions does not improve the calculated results; (d) pure-DFT functionals (such as BLYP) provide too small excitation energies with respect to experimental data, whereas the best accuracy is reached by using the 25% functionals, especially PBE1PBE. Since solvent effects play an important role in the absorption spectra of chalcones, in this paper, the polarizable continuum model (PCM) [41] [42] [43] dealing with solvent effect was chosen for the excitation energy calculations. In PCM, one divides the problem into a solute part (chalcones) lying inside a cavity, and a solvent part (in this work, ethanol) represented as a structureless material, characterized by its dielectric constant as well as other macroscopic parameters. Because we study UV/Vis spectra, we have selected the non-equilibrium PCM solutions.
Results and Discussion

Ground state geometries
The α,β-double bond is always considered to exist in the trans configuration, since the cis configuration is unstable due to the strong steric effects between the B-ring and the carbonyl group. According to previous calculation [35] , the trans configuration is indeed more stable than the cis one. Thus, only the trans configuration was considered in this study. Table 1 lists the key geometric parameters of trans-chalcones obtained at the PBE1PBE/6-31G(d) level of calculation. According to our calculations, all the substituted molecules adopt the cis conformation, in agreement with an unsubstituted chalcone. From a comparison of the bond lengths and angles of substituted chalcones with that of unsubstituted one, it appears that the corresponding values are not very much different, the largest differences are less than 0.02 Å for bond lengths and 1° for bond angles. This indicates that introduction of a substituent has little effect on these geometric parameters. From torsion angle data (Table 1) , it can be seen that the enone unit in each molecule is essentially planar, with an O10-C9-C8-C7 torsion angle of an average 3.9°, suggesting that an extended electron conjugated system is induced in the molecule. On the other hand, the phenyl A-rings are not coplanar with the enone system with an average 11.9° angle between the A-ring and the enone system (C6'-C1'-C9-C8), while phenyl B-rings are almost coplanar with the enone system with an average 1.1° angle between them (C8-C7-C1-C6). By comparison, we find that the corresponding torsion angles of substituted chalcones are also not very much different from the unsubstituted one, which indicates that substitution does not substantially distort the molecular skeleton. It is interesting to note that molecule 4'-NMe 2 has an unexpected fully planar structure with an average torsion angle of only about 0.1°.
Electronic spectra
The calculated absorption characteristics together with experimental values for chalcone derivatives in ethanol are summarized in Table 2 . It can be seen from Table 2 that the lowest lying singlet excited states for all the title compounds comprise an electronic transition primarily between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Molecular orbital coefficients analysis (not shown) indicates that the frontier molecular orbitals are mainly composed of p atomic orbitals, so the lowest lying singlet→singlet absorptions correspond to π→π* type electronic transitions. To further explore the performance of the procedure, we first compared our calculated results with experimental values. A graphical comparison can be found in Fig. 2 . We note that there are some discrepancies between the experimental values reported in the literature. This illustrates that experimental values are never completely error-free. In cases for which multiple measurements do exist, the average value has been taken as experimental data.
As can be seen from Table 2 , the agreement between theoretical and experimental values is excellent, especially for halogens and alkyl substituents, whereas sizable differences appear for nitro substituents, especially when presents on phenyl ring A. A statistical analysis of the data in Table 2 gives a mean absolute error of 0.136 eV or 12 nm, which is smaller than the usual expected accuracy of TD-DFT (0.2-0.3 eV). Except for molecule 8a, the maximal absolute deviation is limited to 0.37 eV (27 nm), with only 4 cases for which the errors exceed 0.20 eV (20 nm). Consistently, the correlation coefficient (R) obtained by simple linear regression (Fig. 2) is larger than 0.9 in both the wavelength and energetic scales. It can be seen from Fig. 2a that only the strong electron withdrawing substituent (4'-NO 2 ) deviats from the fitted line, the deletion of this substituent improves the correlation significantly (Fig. 2b) . [49] , the shift is calculated on the basis of a 309.5 nm value for the parent compound.
The observed substituent effects are reproduced by calculation qualitatively. For instance, the ratio of the calculated shift for 4a and 4b (~1:3) is in good agreement with the experimental value. This is also the case for other chalcones. Interestingly, although the absolute deviation of λ max for 8a is slightly too large (58 nm), the substituent effect is reproduced well by calculation. The ratio of the calculated shift for 8a and 8b (2.7:1) is in good agreement with the experimental value (2:1).
In our set of compounds, the largest discrepancy between theory and experiment shows up for 4'-NO 2 substitution (8a). For the strongly polar NO 2 group it is often difficult to model precisely with conventional DFT approaches. We predict large shifts of 63 and 23 nm from unsubstituted chalcone for 4'-NO 2 and 4-NO 2 , respectively, whereas the experimental results give smaller shifts of 16 and 8 nm, which are 3~4 times smaller than the former. This could be the consequence of specific interactions, such as hydrogen bonds formed between solvent (ethanol) and solute (chalcones), but PCM is unable to take them into account. We notice that such short-sightedness of the PCM model has also been observed previously [50, 51] . On the other hand, as will be shown later, charge transfer valenceexcited states might occur in molecule 8a. It is well known that such states are not well described by TD-DFT within the generalized adiabatic approximation and with the usual exchange-correlation functionals [30, [52] [53] [54] . This may be another reason for the large discrepancy (~58 nm) between the theoretical and experimental λ max for 8a.
The effect of substitution on absorption spectra
First we consider the monosubstituted species. As can be seen from Table 2 , the λ max of substituted chalcones presents bathochromic effects when the hydrogen atom at the para-position in the phenyl ring is replaced by a substituent. By comparison, we find that the bathochromic effects of strongly positive electromeric substituents such as NMe 2 , NH 2 , OH and OMe are 1.2-3.0 times greater when the groups are located on phenyl ring B than on ring A. Weakly positive groups such as Me, Cl and Br have small bathochromic effects when present on ring B and are practically no consequence when present on ring A. Thus, the λ max of the substituted chalcone on phenyl ring A is less sensitive to substitution than that on ring B. This coincides with the conclusion drawn in a previous study [35] that the intense excitation corresponding to this peak is mainly localized on the phenyl ring B. Contrary to other substituents, the bathochromic effect is about 2 times greater when the group is located on phenyl ring A than on ring B for a strong electron withdrawing group such as NO 2 . This also may be due to the significant charge transfer occuring in molecule 8a as mentioned above.
From Table 2 , it can also be found that the sequence of the λ max is 1a < 2a≈3a <4a ≈ 5a <6a<7a and 2b<3b<1b<4b=5b<6b<7b for substitution on phenyl ring A and B, respectively. These orderings are nearly identical to corresponding experimental results: 3a<1a≈2a<4a <5a<6a<7a and 2b≈3b<1b<4b<5b<6b<7b, respectively. The effect of substitution on absorption spectra can be explained as following: for the electron donating substituents in para-positions, the lone electron pair of nitrogen or oxygen of NMe 2 , NH 2 , OH, OMe, and C-H σ-bond of Me join in molecular conjugation, which makes the conjugated-system of molecules become larger. In addition, the electron donating ability of substituents is ordered as NMe 2 > NH 2 >OH > OMe > Me, and the order of λ max is 7 > 6 >5 > 4 > 1. The substituents Cl and Br result in minor changes to λ max relative to that of unsubstituted chalcones, which is indicative of the induced electron attraction, as well as the joining of unshared electron pairs of chlorine and bromine in the conjugation for molecule 2 and 3.
In the case of di-substituted compounds with both substituents of strongly positive electromeric character, the resulting bathochromic effects are of the same magnitude as those caused by only one group present on ring B (compare 14-4b, 15-4b). On the other hand, the bathochromic effect caused by a strong positive electromeric group is retained in the presence of weakly positive groups (compare 17-4a, 19-4a).
It has been observed that the substitutions of electron donating and withdrawing groups slightly increase the oscillator strength values compared to neutral chalcones, with an exception of a few cases (e.g. 6a, 7a or 8a). The largest decrease is observed in the substitution of NO 2 at phenyl ring A (8a) with an unusually low oscillator strength (f=0.2119). This is likely due to the vanishing overlap between the MOs involved in the corresponding electronic transition (see Fig. 4 ), which usually results in a very low oscillator strength [30] .
Frontier orbital analysis
It is useful to examine the HOMOs and the LUMOs for molecules to provide the framework for the excited state. Furthermore, the relative ordering of the occupied and virtual orbitals provides a reasonable qualitative indication of the excitation properties [55] . The last three columns of Table 2 summarize the comparison of the energy levels of the HOMO, LUMO, and their gap (HOMO-LUMO) for chalcones. In order to illustrate the effect of substituents on the HOMO and LUMO energies, the values of their energies were plotted against Hammett's substituent constants (σ P ) [56] (as shown in Fig. 3 ). It can be seen from Fig. 3 that the σ P correlates linearly with HOMO and LUMO energies with an electron transfer from cinnamoyl moiety to the whole molecular skeleton. A comparison with unsubstituted chalcones shows that the main contributions of HOMO and LUMO do not change significantly, and are still centred on the cinnamoyl moiety and the molecular skeleton, respectively, and will further spread to the conjugated substituent. Clearly, the introduction of substituents in para positions of phenyl ring B elongates the conjugated system and leads to a decrease of the excitation energy (red shift of the λ max ). In contrast to other species, the 4-NO 2 substituted chalcone (8b) exhibits different transition characteristic. The HOMO is delocalized over the entire backbone of the molecule; however, the LUMO is localized on the cinnamoyl moiety and nitro group.
Turning now to the 4'-substituted chalcones. It was found that the main contributions of LUMOs do not change significantly compared to that of 4-substituted chalcones, while those of HOMOs differ depending on the nature of the substituent. Similar to the unsubstituted chalcone, for 4'-Me, 4'-Cl and 4'-Br, the HOMOs and LUMOs are still centred on the cinnamoyl moiety and the molecular skeleton, respectively. Note that the substituted groups almost do not play any role in the MOs. Thus, the shifts of λ max from unsubstituted chalcones for these compounds are small, with a calculated average shift of only 5 nm. As for 4'-OMe and 4'-OH, both the HOMOs and LUMOs are mainly delocalized over the molecular skeleton as well as the oxygen atom of the substituent. Note that the electron density on the carbonyl group is equal to zero, indicating that the carbonyl group does not play any role in the HOMO. By comparison, similar characteristics of electron density distributions are found between 4'-NH 2 and 4'-NMe 2 . In contrast to 4-NH 2, the 4-NMe 2 , HOMOs are localized on the benzoyl moiety with substantial contributions from their respective substituents, whereas LUMOs are distributed on the molecular skeleton with a small contribution from the substituent. For 4'-NO 2 negative slope, in other words, the substituent effect on HOMO and LUMO is straightforward: the electron donating groups (e.g. Me, OH, NH 2 , NMe 2 or OMe) cause increasing (become more positive) orbital energy, while the electron withdrawing groups (e.g. Cl, Br or NO 2 ) cause decreasing orbital energy. The correlation coefficients of σ P with LUMO and HOMO energies are 0.962 and 0.939 respectively. It has been observed from Table 2 that the HOMO-LUMO gap of unsubstituted chalcone is higher than those of the substituted one. For instance, the substitution of NMe 2 decreases the HOMO-LUMO energy gap greatly, which possesses the lowest absorption energy and the highest absorption wavelength compared to other substitutents. This implies that it is easier to promote an electron from the HOMO to the LUMO by substituting the relevant electron donating and withdrawing groups, and will results in a red shift of the absorption spectrum.
To gain further insight into the nature of the electronic transition, the electron density plots of the HOMO and LUMO for monosubstituted chalcones are presented in Fig. 4 , along with those of unsubstituted one for comparison. From Fig. 4 , it can be seen that the plots of the HOMO and LUMO of chalcones demonstrate the typical π-type molecular orbital characteristics. The introduction of electron donating and withdrawing groups alters the nature of delocalization and consequently determins the electronic properties of the molecules. It was observed that the substitution in phenyl ring A alters the nature of the delocalization greatly compared to the substitution in ring B.
First we describe the 4-substituted species. The pattern of the HOMOs and LUMOs are qualitatively similar with each other, except for the NO 2 group. As can be seen from Fig. 4 , strong delocalization is present in the LUMOs, whereas the HOMOs show more localization of the isosurfaces of the wave functions on the cinnamoyl moiety. Thus, these states correspond to (8a), the HOMO resides wholly at the cinnamoyl moiety, whereas the LUMO is localized at the benzoyl fragment as well as the nitro group.
It is noteworthy that except for 8a, all other HOMOs show substantial overlapping with the corresponding delocalized LUMOs. This suggests that most transitions should be of a valence excitation nature, though transitions from the somewhat localized HOMOs are expected to have partial charge transfer character. On the other hand, a transition from HOMO to LUMO in 8a should be of charge-transfer character due to near-zero orbital overlap (Fig. 4) , occurring primarily at the oxygen and carbon atom in the enone moiety. As mentioned above, the system with significant charge transfer character is known to be a difficult case for DFT, which tends to overshoot the amount of transferred charge and consequently underestimates the excitation energy. Of course, selecting a range-separated hybrid, like the Coulomb-attenuated model (CAM-B3LYP), or using conventional hybrids including at least 50% of exact exchange could correct the TD-DFT value, but at the price of a likely loss of accuracy for the transitions with a more localized character [57] . It is notable that for 4-NO 2 (8b), one has a significant overlap between the HOMO and LUMO orbitals on one of the two aromatic rings. This explains how TD-PBE1PBE does lead to satisfactory results for this molecule.
Conclusions
We have investigated the structures and spectral properties of substituted chalcones using DFT and TD-DFT. Comparisons with experimental values lead to a mean absolute error of 12 nm (0.136 eV). Moreover, the observed substituent effects are reproduced by calculation qualitatively, confirming the reliability of the PCM-PBE1PBE/6-31G // PBE1PBE/6-31G(d) level of theory to investigate the ground and excited state properties. The λ max of substituted chalcones on phenyl ring A is less sensitive to substitution than that on ring B.
The sequences of the calculated λ max are nearly identical to the corresponding experimental results. The HOMO and LUMO energies and their energy gaps are shifted due to the substitution of electron donating and electron withdrawing groups, and the linear correlation of Hammett's substituent constants (σ P ) with LUMO energies is better than with HOMO energies, and the correlation coefficients are 0.962 and 0.939, respectively. The calculation reveals that the maximum absorption band mainly results from the π→π* transition from the HOMO to the LUMO. Moreover, most transitions should be of a valence excitation nature. The calculation results also give good evidence of the intramolecular charge transfer nature of the HOMO→LUMO transitions for the 4'-NO 2 molecule (8a).
